Abstract: Global surface pressure grids from 14.5 years of 6-hourly analyses out of both the operational ECMWF weather prediction model and ERA-Interim are mapped to a common reference orography by means of ECMWF's mean sea-level pressure diagnostic. The approach reduces both relative biases and residual variability by about one order of magnitude and thereby achieves a consistency among both data sets at the level of about 1 hPa. Remaining differences rather reflect temperature biases and also resolution limitations of the reanalysis data set, but are not anymore related to the local roughness in orography or to changes in the spatial resolution of the operational model. The presented reduction method therefore allows to obtain surface pressure time series with the long-time consistency of a reanalysis from an operational numerical weather model with much higher resolution and much shorter latency, making the results suitable for geodetic near realtime applications requiring continuously updated time series that are homogeneous over many years.
Introduction
Time variable atmospheric conditions influence global geodetic measurements in many different ways: microwave signals from Global Navigation Satellite Systems (GNSS) are delayed depending on pressure and water vapor content in the lower troposphere; hemisphere-scale changes of the winds in the lower and middle atmosphere affect the time variable Earth rotation monitored by Very Long Baseline Interferometry (VLBI); and changes in the atmospheric surface pressure cause vertical deformations of the solid Earth and corresponding changes in the Earth's gravitational field which are precisely recorded by both terrestrial and satellite-based sensors.
Since atmospheric variability is comparably well monitored from non geodetic observing systems, it is typically removed from the raw sensor data by means of prior information from either in situ meteorological station observations or global or regional atmospheric models. Numerical weather prediction (NWP) model data is typically available with some hours latency in case of the operational analyses, or even ahead of time when medium-range forecasts are considered. However, long time series derived from operational data are typically affected by occasional model updates necessary to always incorporate state-ofthe-art concepts for the benefit of best possible weather predictions for the human societies. On the other hand, atmospheric reanalyses are typically integrated over many decades without any changes in the modeling system, but are only available with a latency of some months, and are frequently processed at a much lower spatial resolution compared to operational NWP models.
Global surface pressure grids from the operational NWP model of the European Centre for Medium-Range Weather Forecasts (ECMWF) are frequently applied in global geodesy. This includes the correction for atmospheric effects in Earth rotation observations [1] , as well as the reduction of atmospheric gravity and crustal loading signals from global GNSS station time series [2] and sensor data of the GRACE satellite gravity mission [3] . Residuals obtained from those monitoring systems are subsequently applied to study a wide range of geophysical phenomena including co-and post-seismic deformations associated with large earth quakes [4] , seasonal variations in the terrestrially stored water and anthropogenic ground water withdrawal [5] or long-term changes in the ice mass balance of continental ice sheets and mountain glaciers [6] . Since in particular gravimetric methods cannot distinguish between mass variations above or beyond the Earth's surface, any time-variable bias contained in the NWP surface pressure grids will be inevitably misinterpreted in terms of an entirely unrelated geophysical process.
In the most recent decade, ECMWF has introduced three major changes to the spatial discretization of its operational model that also affect the geopotential height of the lower model boundary: the introduction of (i) the T799 spectral representation on February 1st, 2006; (ii) the T1279 grid on January 26th, 2010; and (iii) a fully revised surface orography at an otherwise unchanged spatial resolution on May 12th, 2015. Biases in surface pressure related to those changes in model orography and their corresponding consequences on the processing of geodetic observations have been reported by [7] , but are up to now only treated a posteriori by means of empirically estimated bias corrections [8] or an ad hoc inter-or extrapolation of pressure level data [9] . This paper proposes to homogenize surface pressure time series from operational NWP models by means of introducing a time-invariant reference orography. The reduction of pressure to the new surface will be performed by using ECMWF's mean sea-level pressure diagnostic described in Sect. 2. By comparing 14.5 years of surface pressure grids from both the operational model and the most recent ECMWF reanalysis ERA-Interim [10] , it will be demonstrated that the two data sets are consistent with each other on the 1 hPa level after mapping to a common reference orography (Sect. 3). Subsequently, the spread between both data sets is discussed individually for each year of the period 2001 -2015 (Sect. 4), and biases in surface pressure introduced during three major ECMWF model changes of the most recent decade are explicitly provided (Sect. 5).
Reduction of pressure to mean sea-level
Mean sea-level pressure is among the most widely used diagnostics in numerical weather forecasting. Within the latest version of the ECMWF Integrated Forecast System (IFS), mean sea-level pressure p msl is calculated as follows [11] :
Here, ps is atmospheric surface pressure, Φs is the surface geopotential, R d is the gas constant for dry air, and Ts the surface virtual temperature extrapolated from the lowest model level nlev according to
with a temperature reduction factor α,
where Γ = 6.5 K/km is the standard temperature lapse rate, and g = 9.80665 m/s 2 the standard gravity acceleration according to the definitions of the World Meteorological Organization. Both surface temperatures and the temperature lapse rate are slightly modified for altitudes above 2000 m and extreme surface temperatures in order to avoid extrapolation to too low pressures over high and warm surfaces, and also to too high pressures over very cold surfaces; the details are given in [11] . ECMWF kindly made available a FORTRAN implementation of this algorithm used within IFS version 36r1 (Paul Dando, pers. communication, 2015), which we have adapted in order to run it independently from the IFS. This particular implementation has been validated by comparing its results with corresponding mean sea-level pressure fields archived at ECMWF over the year 2014: globally averaged root mean squared (RMS) values of residuals of less than 1 Pa (not shown) demonstrate that the algorithm is being applied in a way that is sufficiently consistent with its implementation in the operational IFS model.
Reduction of pressure to a reference orography
In addition to reducing atmospheric surface pressure to mean sea-level, the algorithm is generally applicable to extrapolate pressure vertically to arbitrary heights. In the following, the orography of IFS version 41r1 -which is in operation at ECMWF since May 12th, 2015 -is chosen as a reference orography, where all surface pressure data sets are reduced to. In case that this reference orography is locally higher than the model orography, pressure is interpolated from geopotential heights of the nearest model levels that are obtained from integrating virtual temperatures vertically upwards. For this study, in total 14.5 years of 6-hourly analyses from the operational ECMWF model and ERA-Interim are considered, which are covering the period Jan 1st, 2001 until June 30th, 2015. During that period, the IFS applied in operational forecasting evolved from version 23r3 with a spectral representation of maximum spherical harmonic degree 511 and 60 vertical levels (i.e., T511L60) to version 41r1 discretized at T1279L137. More details on each individual model upgrade are available at http://www.ecmwf.int/en/forecasts/documentationand-support/changes-ecmwf-model. For the whole period, data is obtained at the original spatial resolution from the ECMWF archives and subsequently interpolated with a first-order conservative interpolation scheme [12] to a latitude-longitude grid with 0.5 ∘ spacing. Both pressure and the geopotential are downloaded at the surface only, whereas temperature and specific humidity defining virtual temperatures are obtained for every model level.
The atmospheric reanalysis ERA-Interim is characterized by a much lower spatial resolution (i.e., T255L60) compared to the operational data, but its physical model, the numerical scheme, and also the data assimilation system remain unchanged over the whole period of integration from 1979 until 2015. Surface pressure data from ERAInterim therefore always refers to the same model orography and consequently is expected to be much more stable in time than that from any operational NWP model. ERAInterim data for the same period are downloaded from the ECMWF archives at the original spatial resolution and are interpolated subsequently to the same 0.5 ∘ grid to make them pointwise comparable to the data from the operational model. When contrasting 6-hourly surface pressure from the operational ECMWF model and ERA-Interim over 14.5 years from 2001 until 2015, the long-term mean differences or biases between both series of up to 50 hPa are detected in particular over mountainous regions of the world (Fig.  1) . RMS values of the residuals that have been reduced by their corresponding mean value (i.e., that are centered around zero) reach up to 10 hPa in quite similar regions, clearly indicating that those residuals are strongly affected by orographic effects. After reducing the operational data to the reference orography, the bias wrt. ERA-Interim remains largely unchanged or even slightly increases. The RMS of the zero-centered residuals, however, substantially drops down to values well below 2 hPa. When both the operational ECMWF data and ERA-Interim are reduced to the same reference orography, the bias between both data sets is reduced well below 1 hPa, and is now largely independent from the local roughness of the orography. Higher surface pressure of up to 0.7 hPa is found in the operational model in particular over the large continental deserts, and over many sea ice-covered regions of the southern ocean. Also, the RMS of the residuals reduces to a level of well below 1 hPa, with one notable exception leeward of the Antarctic Peninsula, where the steep ridges of the Transantarctic Mountains are a potential source of atmospheric gravity waves that are very differently represented by models discretized at medium and high spatial resolution.
Year-to-year consistency
It is instructive to study the consistency between the operational and the reanalyzed ECMWF data reduced to a common reference orography for individual years. Globally averaged absolute values of the biases and also the RMS of the zero-centered residuals are highest in 2001, and subsequently decrease towards their minimum values in the year 2007 before gradually increasing again towards the end of the time series (Table 1 ). For 2001, strong positive biases (i.e., the operational model shows higher pressure compared to the reanalysis) are found in almost all deserts at low latitudes, that are accompanied by equally strong negative biases in particular over the southern ocean (Fig.  2) . For the same year, strong residual variability is seen over the southern ocean as reflected by RMS residuals of up to 2 hPa, where in situ observation coverage is generally sparse and the data assimilation essentially relies on satellite observations only.
In 2007, large-scale biases are substantially reduced to a level well below 0.3 hPa, and also RMS values of the zero-centered residuals are quite homogenous all over the globe except for a small band of almost doubled variability that is centered along the 60 ∘ latitude circle of the southern hemisphere. Since IFS version 31r2 -which has been in operation at ECMWF between Dec 12th, 2006 and June 5th, 2007 -has been applied for the processing of ERA-Interim, the differences in 2007 between the operational and the reanalyzed analyses reflect rather differences in spatial resolution than in model physics or data assimilation methodology. For 2014, biases between the reanalysis and the operational model data increase again in line with slightly colder surface temperatures of the operational model in particular at low latitudes. Increased RMS residuals persist around 60 ∘ at the southern hemisphere. In addition, distinct lines of increased RMS values are noticeable at subtropical latitudes associated with the paths of major cyclones at both hemispheres which are represented by the operational model, but are not included in a moderate resolution global reanalysis. From those comparisons it becomes obvious that the consistency between operational and reanalyses is best in the year 2007, where the IFS software versions applied were almost identical and remaining differences are particularly related to the much higher spatial resolution of 
Biases in operational ECMWF surface pressure
Since it has been demonstrated above that surface pressure time series from operational NWP models as the ECMWF might be homogenized to a level of 1 hPa by introducing a reference orography, it is straightforward to use differences between the raw and the adjusted surface pressure time series to estimate biases introduced during major operational model changes at ECMWF (Fig. 3) . Offsets in surface pressure introduced on both February 1st, 2006 and January 26th, 2010 are caused by an increase in spatial resolution without substantially modifying the underlying global digital elevation model required to derive a model orography at any spatial resolution of choice. Biases introduced at those times are therefore characterized by small-scale variability that is entirely confined to mountainous regions. Over the continents, those biases correspond fairly well to results presented by [8] , who estimated jumps from double differencing two time steps of two atmospheric model data sets before and after a orography change in one of those models. Apparent biases seen in Fig. 2 of [8] over the oceans, however, are rather due to the inherent sensitivity of their estimation approach to model errors in particular over relatively data sparse regions. On May 12th, 2015, however, a fully revised model orography has been introduced into the IFS. It is now based on the Shuttle Radar Topography Mission SRTM30 global digital elevation model [13] as well as on specialized elevation models for Greenland, Iceland, and Antarc- tica that also include ice shelf heights [14] . Apart from continental latitudes north of 60 ∘ -where no new data was available from the Shuttle Mission -and from the United States and Western Europe -where accurate elevation data has been already in use before -rather large changes in orography even at larger spatial scales are identified that lead to corresponding surface pressure biases of a few hPa regionally.
Summary and conclusions
Surface pressure grids from 14.5 years of 6-hourly analyses out of both the operational ECMWF model and ERAInterim were mapped to a common reference orography by means of ECMWF's mean sea-level pressure diagnostic. The approach reduced both relative biases and residual variability by about one order of magnitude and achieved a consistency among the operational model and the reanalysis at a level of about 1 hPa. Remaining differences rather reflect small temperature biases and also resolution limitations of the reanalysis data set. A year-to-year assessment revealed best coincidence between the operational model and ERA-Interim in the year 2007, where the IFS software versions applied for the integration of both data sets have been almost identical. The methodology will be applied to the next update of several geophysical correction products or background models that are routinely calculated at GFZ Potsdam for various geodetic applications. Those data sets include the GRACE Atmosphere and Ocean De-Aliasing Product AOD1B [15] , where a new release is already under preparation; vertical and horizontal deformations of the continental crust due to non-tidal atmospheric surface pressure loading [16] , as well as the effective atmospheric angular momentum functions required to interpret time variable changes in the Earth's rotation [17] . All those particular products are consistently based on ECMWF operational and reanalysis data discussed in detail in this paper, but the method can be similarly applied to output from other numerical weather prediction models as well.
